Vertebrate vision and olfaction signal transduction depends critically on cyclic-nucleotide-gated (CNG) channels [1] [2] [3] . In photoreceptors, light activation of the photopigments decreases intracellular cGMP concentration and closes CNG channels, resulting in membrane hyperpolarization 4, 5 . In olfactory sensory neurons, odorant activation of olfactory receptors increases intracellular cyclic adenosine monophosphate (cAMP) concentration and opens CNG channels, leading to membrane depolarization 6 . CNG channels also play an important role in chemosensation in invertebrates 1 . Moreover, CNG channels are expressed in the central nervous system, where they regulate neuronal and glial functions 1, 3 . Mutations in CNG channel genes have been associated with debilitating visual disorders such as retinitis and achromatopsia 1, 3 . CNG channels are members of the voltage-gated ion channel (VGIC) superfamily that includes voltage-gated potassium (K v ), sodium (Na v ) and calcium (Ca v ) channels and the transient receptor potential (TRP) channels [1] [2] [3] 7, 8 . Like K v and TRP channels, CNG channels are composed of four subunits, each containing six transmembrane segments (S1-S6) and a pore-loop (P-loop) between S5 and S6 (refs 1-3). Vertebrates have four CNGA and two CNGB subunits. VGICs possess two structural and functional modules: a voltage-sensor domain (VSD) or voltage-sensor-like domain (VSLD) consisting of S1-S4 and the S4-S5 linker, and a pore domain consisting of S5, P-loop and S6. Although possessing a VSLD, CNG channels are not gated by transmembrane voltage [1] [2] [3] [4] 6, 8 , a property critical for proper phototransduction and olfactory transduction. Instead, CNG channels are gated by intracellular cAMP or cGMP. These ligands bind to a cyclic nucleotide-binding domain (CNBD) in the cytoplasmic C terminus [1] [2] [3] 7, 8 . An approximately 80-amino-acid linker, called the C-linker, connects the CNBD to S6 and is crucial for CNG channel gating [9] [10] [11] [12] [13] [14] . Rich knowledge has been gained from extensive functional investigation of CNG channels [1] [2] [3] , but the reason why CNG channels are insensitive to membrane voltage and how cyclic nucleotide binding opens the channel remains largely unclear.
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Structures of major classes of VGICs have been obtained [15] [16] [17] [18] [19] [20] , but no high-resolution structure of a full-length CNG channel has been reported. In this study, by using single-particle electron cryo-microscopy (cryo-EM), we determined a 3.5-Å-resolution cGMP-bound open-state structure of a full-length eukaryotic CNG channel formed by TAX-4, a CNGA subunit from C. elegans. TAX-4 forms functional homomeric channels in heterologous expression systems 14, 21, 22 (Extended Data Fig. 1 ), and its amino-acid sequence shares 60% identity with that of bovine and human CNGA1 in the core region encompassing S1 through the CNBD (Extended Data  Fig. 2 ). Our structure is the first high-resolution full-length structure of CNG channels and related hyperpolarization-activated cyclic nucleotide-modulated (HCN) channels and reveals features distinct from other VGICs.
Overall architecture
Full-length TAX-4 was heterologously expressed in High Five inset cells. Purified TAX-4 protein bound with cGMP and amphipol was used for single-particle cryo-EM analysis (Extended Data . A cryo-EM density map of the cGMP-bound TAX-4 tetramer was obtained at an overall resolution of 3.5 Å with C4 symmetry imposed ( Fig. 1a and Extended Data . The local resolution varies from 3.0 Å in some transmembrane and cytoplasmic regions to < 5.0 Å in the peripheries of the 3D reconstruction (Extended Data Fig. 4e-i) . The electron densities were of good quality for most functional regions (Extended Data Fig. 6 ), and we were able to model 514 of the 733 amino acids of TAX-4 in the final structure. Residues M1 to I105 and N621 to K733, which constitute most of the amino terminus and the distal C terminus beyond the CNBD, respectively, were not modelled because their densities were weak or missing. The regions with the best resolutions include the pore helix, the selectivity filter, S5, S6 and the C-linker.
TAX-4 forms a four-fold symmetric tetramer with a central ionconducting pore (Fig. 1a, b) . Each protomer can be divided into four ARTICLE RESEARCH structural layers along the four-fold axis: the extracellular domain, the transmembrane domain (TMD), the gating ring and the CNBD (Fig. 1c) . The gating ring is formed by helices A′ B′ C′ D′ of the C-linker, which contains two additional helices, E′ and F′ , and is strategically positioned between the TMD and the CNBD (Fig. 1c) .
Two interaction interfaces contribute to TAX-4 tetramerization. One interface is in the TMD, between the pore domain of one subunit and S6 of a neighbouring subunit (Fig. 1d) . This interface involves predominantly hydrophobic interactions (Fig. 1d) . Another interface is in the gating ring, where helices A′ B′ C′ D′ of two neighbouring subunits form extensive intersubunit interactions (see below).
A common defining feature of VGICs and other VSLD-containing channels is that, despite their divergent amino-acid sequences, the VSD (or VSLD) of one subunit associates with the pore domain of a neighbouring subunit in a domain-swapped configuration (Extended Data Fig. 7a-c) . Strikingly, the VSLD of TAX-4 interacts only with the pore domain of the same subunit in a non-domain-swapped configuration (Fig. 1b, e and Extended Data Fig. 7b, c) . These interactions include hydrophobic and hydrogen-bonding interactions between the extracellular ends of S1 and S5 and the pore helix, and between the intracellular ends of S4 and S5 (Extended Data Fig. 7d ). The importance of the non-domain-swapped architecture in CNG channel function awaits elucidation.
An unusual VSLD
VGICs open and close in response to membrane potential changes by moving the S4 voltage sensor and, via the S4-S5 linker, the S6 helix 16, 23 . Although CNG channels have a VSLD, they are not gated by membrane voltage [1] [2] [3] [4] 6, 8 (Extended Data Fig. 1b, c) . The TAX-4 channel structure reveals two notable differences between its VSLD and the canonical VGIC VSD that evidently explain the lack of voltage-dependent gating in CNG channels.
First, a typical S4, exemplified by that of K v channels, adopts a continuous helical structure with regularly spaced arginine or lysine residues throughout, and tilts at a 65° angle from the plane of the membrane 16, 23 (Fig. 2a, c) . The TAX-4 S4, however, breaks up into three sub-segments, which we name (from external to internal side) S4a (loop), S4b (3 10 helix) and S4c (α -helix). These sub-segments have different secondary structures and orientations in the membrane: S4c tilts at a shallow 25° angle from the membrane, but S4b bends abruptly such that the remainder of S4 stands at a much steeper 72° angle. Eight positive charges are scattered in all three sub-segments, of which five arginines (R280, R283, R286, R289 and R296) are conserved in mammalian CNGA1 subunits (Fig. 2a) . Of the positive charges, four (K288, R289, R291 and R296) are located in S4c and thus sense only a fraction of the transmembrane voltage field. Moreover, S4c is probably restrained owing to its interaction with the C-linker (see later). Three of the positive charges (R280, R283 and 286) are located in S4b. They, along with R289, are engaged in interactions with a string of negative charges in S2, including D208, D211, D218 (Fig. 2d ). These negative charges are conserved in all human CNGA and CNGB subunits (Extended Data Fig. 8a ). These interactions may serve to restrict the movement of S4b and stabilize S2. These physico-chemical features of S4 probably render S4 non-responsive to membrane potential changes, consistent with the lack of voltage-dependent gating currents in CNG channels 24 . Second, a typical S4-S5 linker in VGICs is a 10-to 12-amino-acid α -helix running parallel to the plane of the membrane (Fig. 2c ) that interacts with S6, an interaction crucial for voltage-dependent gating 16, 23 . The TAX-4 S4-S5 linker is only five amino acids long (Fig. 2a) and does not interact with S6 owing to the non-domainswapped arrangement between the VSLD and pore domain (Fig. 1e) . Instead, it forms a short loop such that S4, S5 and the S4-S5 linker adopt a helix-turn-helix motif (Figs 1c and 2b) . As described below, this motif interacts with the C-linker, suggesting that the VSLD is actually involved in ligand gating of CNG channels.
Ion conduction in an open channel
The ion-conduction pathway traverses all four layers, with a total length of ~ 120 Å (Fig. 3a) . The wide outer pore tapers sharply towards a narrow and electronegative selectivity filter (Fig. 3a, b and Extended Data Fig. 9a ). The cavity and inner pore, formed by S6, widen from The selectivity filter is formed by four continuous conserved amino acids, T376, I377, G378 and E379, and is lined by the carboxylate of E379, the backbone carbonyl oxygens of T376, I377 and G378, and the hydroxyl side chain of T376 (Fig. 3c) . The narrowest constriction of the selectivity filter and the entire ion-conduction pathway is at the E379 side chains and is 4.7 Å in diameter. The rest of the selectivity filter is substantially wider (7.0-10.1 Å) (Fig. 3c) , indicating that the selectivity filter is in an open conformation. Previous studies examining statedependent block and cysteine modification of the CNG channel pore suggest that the selectivity filter acts as the activation gate [25] [26] [27] . Whether the selectivity filter indeed narrows to form a gate in the absence of cyclic nucleotide binding awaits structural elucidation.
A continuous elongated density is observed in the centre of the selectivity filter (Fig. 3c ). This density probably represents bound ions rather than noise since no density peaks are present elsewhere along the fourfold axis. We tentatively assign three ion-binding sites to this density and speculate that they are occupied by Na + (since no Ca 2+ was added in the protein sample). Multiple ion-binding sites formed by a combination of acidic side chains and backbone carbonyl oxygens are a common characteristic of Ca 2+ -conducting channels (Extended Data Fig. 9b ). The structural hallmarks of the TAX-4 channel selectivity filter account for the observed ion permeation properties of CNG channels. An electronegative but relatively wide selectivity filter would allow ions with one or more hydration waters to pass, consistent with the poor monovalent cation selectivity of CNG channels [1] [2] [3] [4] [6] [7] [8] 28 . Mutagenesis studies show that the glutamate occupying the analogous position of E379 plays a critical role in pH-dependent ion permeation and divalent cation (Ca 2+ and Mg
2+
) block [29] [30] [31] . E379 is well positioned to be protonated by external protons and to attract and directly interact with external permeant and blocking cations. The close proximity of E379 side chains is consistent with a previous finding in a vertebrate CNG channel that a single protonation site is made by two glutamates 31 . On the other hand, the luminal projection of the E379 side chain is in contrast with the side chain orientation of the analogous glutamate in NaK2CNG-E, an engineered chimaeric NaK channel containing four amino acids (ETPP) of the CNG channel selectivity filter sequence [32] [33] [34] (Extended Data Fig. 9c ). In NaK2CNG-E, the glutamate side chain points towards the protein interior and is engaged in dynamic protein packing around the selectivity filter [32] [33] [34] . In contrast to the elaborate hydrogen-bonding network surrounding the selectivity filter of K + channels
35
, the selectivity filter of TAX-4 is stabilized primarily by hydrophobic interactions (Fig. 3d) . The 'greasy' hydrophobic interactions probably impart flexibility to the selectivity filter, allowing it to change its conformation during both ion conduction and ligand gating.
The CNBD and C-linker
Structures of isolated C-linker/CNBD regions of HCN channels have been reported [36] [37] [38] [39] [40] [41] . Our study reveals for the first time the structure of this region in a full-length channel context. The overall structure of the cGMP-bound CNBD of TAX-4 is similar to the ligand-bound structures of the CNBD of other cyclic-nucleotide-binding proteins, 
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including HCN channels 38 . A conserved fold consisting of four α -helices (designated A, P, B and C) and eight β -sheets that form a β -roll is preserved in the TAX-4 CNBD (Fig. 4a) . cGMP binds in a conserved pocket formed by helix C and the β -roll (Fig. 4a) , and engages in the same interactions observed in other cGMP-bound CNBD structures 36,42 (Fig. 4b) . Superposition of the cGMP-bound TAX-4 and HCN2 CNBD 36 structures shows a high degree of overlap in the β -sheets (r.m.s.d. = 0.69) (Fig. 4c) .
The structure of the TAX-4 C-linker is similar to that of the HCN2 C-linker 36 . The C-linker is divided into six α -helices, designated A′ -F′ (Fig. 5a ). Helix A′ is connected to S6 via a mere two-amino-acid linker. This direct connection is crucial for cGMP activation of TAX-4 (see later). Helices A′ B′ lie at a 25° angle to the plane of the membrane and are sandwiched between the TMD and the rest of the C terminus ( Fig. 1c and Extended Data Fig. 10a ). The topside and downside of A′ B′ are both engaged in intersubunit interactions (Fig. 5b, c) . The downside of one subunit associates with helices C′ D′ of the clockwise (viewing from top down) neighbouring subunit ( Fig. 5b and Extended Data  Fig. 10a ). The intersubunit interactions (Fig. 5b) are similar but, importantly, not identical to those found in the HCN2 C-linker 36 . Through these interactions, the C-linker/CNBD tetramerizes, which probably contributes to the assembly of the full-length channel.
The topside of helices A′ B′ interacts with the VSLD and pore domain of the same clockwise neighbouring subunit (Fig. 5c ). R421, Q425 and D429 in helix A′ form an intertwining network of salt bridges and hydrogen bonds with E295 and E298 in S4 and R308 in S5. D453 in helix B′ and R296 in S4 form another ion-pair interaction. In addition, K432 in helix A′ forms a hydrogen bond with the backbone carbonyl oxygen of S301 in the S4-S5 linker, which, together with an ion-pair interaction between R300 in the S4-S5 linker and D119 in S1, stabilizes this five-residue linker. These A′ B′ -TMD interactions are probably critical for maintaining S6 in an open state. Through these interactions, helices A′ B′ directly transmits conformational changes in the CNBD to the TMD and ultimately to the selectivity filter.
Comparison of the structures of the cGMP-bound TAX-4 C-linker/ CNBD and an unbound HCN2 C-linker/CNBD 37 reveals marked conformational changes in both the CNBD and the C-linker in the unbound state (Fig. 5d) . First, helix C moves downwards, away from the β -roll, by 7.2-9.6 Å. Second, helices A and B, which interact with helix F′ , move away from helix F′ , dragging it downwards. Consequently, helix E′ is pulled downward by 3.8-4.6 Å (Fig. 5d) . Because helix D′ is unresolved and helices A′ B′ C′ are not included in the apo HCN2 C-linker/CNBD structure 37 , it is unclear how these helices change their structures. But superposition of the bound and hypothetical unbound structures of TAX-4 suggests that because of the downward movement of helices E′ F′ , helix D′ must adopt a different conformation in the unbound state to avoid clash with helix A (Extended Data Fig. 10c-e) .
Model for cyclic nucleotide gating
On the basis of our structure, we propose a model for cyclic nucleotide gating of CNG channels (Fig. 6A) . Several experimental observations are taken into account in constructing this model. First, helix C undergoes large conformational changes upon ligand binding/ unbinding 37,41,43-45 . Second, isolated unliganded C-linker/CNBD of HCN channels can exist as monomers and dimmers in solution 13, 36, 40 . Third, the inner pore formed by S6 narrows in the closed state but does not fully close [25] [26] [27] 46 . Fourth, the selectivity filter forms the activation gate 26, 27 . Our model starts with the cGMP-bound, open-state structure (Fig. 6Aa) . (1) As cGMP unbinds, helix C moves downward. (2) Helices E′ F′ in the C-linker move downwards, resulting in conformational changes in helices C′ D′ . (3) Interactions between C′ D′ and A′ B′ are weakened, causing a weakening of the interactions between A′ B′ and the TMD (Fig. 6Ab) ; or alternatively, C′ D′ and A′ B′ dissociate, causing A′ B′ to dissociate from the TMD (Fig. 6Ac) . In either case, the end result is a conformational change of S6. In essence, helices A′ B′ C′ D′ constitute a gating ring 13 ,36 that changes its conformation and its interaction with the TMD upon cyclic nucleotide binding and unbinding, and these conformational changes are transmitted ARTICLE RESEARCH directly to S6. (4) S6 movements perturb the hydrophobic interactions between S6, the pore helix and the selectivity filter (depicted in Fig. 1d ) and thereby close the selectivity filter.
According to this model, alterations of the interactions between helices A′ B′ and C′ D′ or between helices A′ B′ and the TMD would affect the allosteric coupling between the gating ring and the TMD and hence cyclic nucleotide gating. The different affinities and efficacies of cyclic nucleotide activation of different CNG channels can thus be partly accounted for by the amino-acid sequence divergence in these interaction interfaces (Extended Data Fig. 8a) .
We functionally tested two aspects of this model. First, we disrupted the interactions between the gating ring and the TMD by collectively mutating to alanine R421, Q425, D429, K432 and D453 in helices A′ B′ (Fig. 5c) . The mutant channel, named TAX-4_5A, did not respond to a saturated concentration (100 μ M) of intracellular cGMP (Fig. 6B and Extended Data Fig. 1g ). Second, we disrupted the coupling between the gating ring and S6 by inserting one to three glycines between M417 and S418, which connect helix A′ and S6. All three mutant channels (named TAX-4_1G, TAX-4_2G and TAX-4_3G), failed to produce currents in the presence of 100 μ M intracellular cGMP (Fig. 6B and Extended Data Fig. 1i, j) . All mutant channels were robustly expressed on the plasma membrane (Extended Data Fig. 1k) , suggesting that the mutations disrupted channel gating. These results are consistent with the predictions of the model.
Concluding remarks
The TAX-4 channel structure reveals several novel features: a nondomain-swapped architecture, a segmented and restrained S4, a short S4-S5 linker, and direct interactions between the C-linker and both the pore domain and VSLD. The non-domain-swapped architecture has been recently suggested by a structural and biochemical study of the TRPV6 channel 47 and observed in a cryo-EM structure of the Eag1 channel 48 . The amino-acid sequence homology among CNG, TRPV6 and Eag1 channels is low, and the pore domain/VSD (or VSLD) interface is different among them, suggesting that different structural elements underlie the non-domain swapped architecture. A key element might be the length and/or secondary structure of the S4-S5 linker.
The structural features revealed by the TAX-4 structure are in good agreement with CNG channel properties elucidated in functional studies and provide new insights into the allosteric mechanisms of how cyclic nucleotide binding opens the channel. The physico-chemical characteristics of the selectivity filter and its surroundings are consistent not only with non-selective permeation of monovalent cations and block by extracellular Ca 2+ and Mg
2+
, but also with the proposition that the selectivity filter is the activation gate. The structure also provides a blueprint for understanding and investigating the functional effects of hereditary disease-causing single amino-acid missense mutations, many of which are distributed in regions critical for cyclic nucleotide gating (Extended Data Fig. 8b ). 
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METHODS
No statistical methods were used to predetermine sample size. The experiments were not randomized. The investigators were not blinded to allocation during experiments and outcome assessment. Molecular biology. The full-length TAX-4 gene was cloned from a C. elegans cDNA library by PCR. For protein expression, the DNA fragment encoding the entire TAX-4 was cloned into a modified pFastBac1 vector with BamHI and NotI restriction sites. The endogenous BamHI site in the TAX-4 DNA sequence was removed by mutagenesis without altering the protein sequence. A maltose binding protein (MBP) tag was added before the N terminus of TAX-4, and a linker sequence of NNNNNNENLYFQGGGGS, which contains the tobacco etch virus (TEV) protease recognition sequence (underlined) and flanking sequences, was inserted between the MBP tag and TAX-4. For electrophysiology experiments, the full-length WT TAX-4 gene was cloned into the pcDNA3.1(− ) vector using EcoRI and HindIII restriction sites, producing a construct is named TAX-4_ WT. For surface expression experiments, a construct named green fluorescent protein (GFP)-TAX-4_WT-HA was created in two steps: first, the full-length WT TAX-4 gene was cloned into a modified pEGFP_C1 vector using BamHI and NotI restriction sites, generating a construct called GFP-TAX-4_WT; second, a sequence of GGGYPYDVPDYAGGG, which contains the hemagglutinin (HA) tag (underlined) and flanking sequences, was inserted between G162 and T163 in GFP-TAX-4_WT. The resulting GFP-TAX-4_WT-HA channel thus contains a GFP tag on its N terminus and an HA tag in the extracellular linker between S1 and S2. All site-specific mutants were subsequently generated in TAX-4_WT and GFP-TAX-4_WT-HA by PCR-based overlapping extension mutagenesis. Protein purification. The baculovirus of TAX-4 was generated with Sf9 cells (Invitrogen, not tested for mycoplasma) using the standard Bac-to-Bac method. High Five insect cells (Expression Systems, not tested for mycoplasma) were infected with the TAX-4 virus. Forty-eight hours after infection, cells were harvested by centrifugation at 4 °C, and suspended in a buffer containing 50 mM HEPES-NaOH (pH 7.4), 500 mM NaCl, 5% glycerol, 5 mM β -mercaptoethanol and 50 μ M cGMP (buffer A) in the presence of a protease inhibitor cocktail (Roche). After cell disruption by sonication, cell debris was removed by centrifugation at 3,200g for 10 min at 4 °C and cell membrane was pelleted from the supernatant by ultracentrifugation at 150,000g for 1 h at 4 °C. Membrane was suspended in buffer A containing the above protease inhibitor cocktail and homogenized with a glass dounce homogenizer. TAX-4 protein was extracted with 1% Lauryl Maltose Neopentyl Glycol (LMNG, Anatrace) for 1 h at 4 °C. The solubilized membrane was clarified by ultracentrifugation at 150,000g for 30 min and incubated with amylose resin (NEB) for 2 h at 4 °C with gentle agitation. Subsequently, the resin was collected by low speed spin at 800g, transferred into a gravity column, and washed with buffer A containing 0.5 mM LMNG and 0.1 mg/ml soybean lipids (Avanti polar lipids). Maltose (20 mM) in the wash buffer was used to elute the MBP-tagged TAX-4 protein. The eluted protein was then mixed with amphipol A8-35 (Anatrace) at 1:6 (w/w) ratio and incubated overnight at 4 °C with gentle agitation. Detergent was removed by incubation with Bio-Beads SM-2 (Bio-Rad) for 8 h. After removal of Bio-Beads, TEV protease was added to the protein sample and incubated at 4 °C overnight to cleave the MBP tag. TAX-4 protein was concentrated and further purified on a superose 6 column in a buffer containing 20 mM HEPES-NaOH (pH7.4), 150 mM NaCl, 2 mM β -mercaptoethanol and 50 μ M cGMP. Fractions containing the protein were examined by negative staining EM, and then pooled and concentrated. Proteins were concentrated by ultrafiltration using the Amicon Centrifugal Filter Units (EMD Millipore), and their concentrations were measured by using a Bradford Protein Assay kit (Bio-Rad). Cryo-EM sample preparation and data acquisition. cGMP was added to purified TAX-4 protein (0.6 mg/ml) to a final concentration of 2 mM. Four microlitres of this protein sample were loaded onto glow-discharged Quantifoil R1.2/1.3 holey carbon grid, and blotted for 4.0 s under 100% humidity and 8 °C using FEI Vitrobot (FEI). After waiting for 3 s (double-sided, blot force 1), the grid was immediately plunged into liquid ethane cooled by liquid-nitrogen. Micrographs were acquired by a Titan Krios microscope operated at 300 kV, equipped with a K2 Summit direct electron detector (Gatan) working at super-resolution counting mode. UCSFImage4 (ref. Image processing. All micrographs were first 2 × 2 binned, generating a pixel size of 1.32 Å. Motion correction was performed using the MotionCorr program 50 . The resulting integrated micrographs and stacks of motion-corrected frames were used for further processing. The contrast-transfer function parameters of the micrographs were estimated using the CTFFIND3 program 51 . Initially, ~ 19,000 particles were semi-automatically picked with the EMAN boxer swarm tool 52 from a subset of 70 micrographs. Subsequent image processing was performed using Relion 1.3 (ref. 53) . Five class averages representing common features of the picked particles were selected from the 2D classification of the subset, and used as templates for automatic particle picking from the full data set of 2,215 micrographs. The picked particles were screened by several rounds of 2D classification, and a total of 231,328 particles were finally selected and subjected to a cascade of 3D classification and refinement. The full set of 2,215 micrographs was divided into three subsets with 579,897, and 739 micrographs, respectively, and each subset was classified into three or four classes in the 3D classification procedure (Extended Data  Fig. 3e ). Particle heterogeneity was observed among the resulting 3D classes, which presented two typical conformations: a near-perfect tetramer and a defective tetramer with a missing/flexible domain. To isolate the particles belonging to different 3D conformations, two 3D reconstructions corresponding to the two tetramer conformations were selected from the 3D classification of one subset (class 2# and 4# from the subset with 579 micrographs), and used as initial references (after low-pass filtering to 60 Å resolution) for the next two rounds of supervised 3D classification. In each round, the particles were classified into two classes, and only the particles classified into the class of the near-perfect tetramer were used for the next round of classification. Finally, 99,934 particles corresponding to the near-perfect tetramer were gathered and subjected to final 3D refinement with C4 symmetry imposed. The final 3D reconstruction produced a resolution of 3.7 Å. A 'particle polishing' subroutine in Relion was subsequently performed and yielded a 3D reconstruction at a 3.5 Å resolution. All resolutions were estimated by the gold-standard Fourier shell correlation (FSC) = 0.143 criterion. ResMap 54 was used to calculate the local resolution map. Model building. The 3.5 Å EM map was used for de novo model building in COOT 55 . The S6-C-linker region was easily identified in the map because of the good quality of its density, and was used as the starting point of model building. The atomic model for S2, S3, S4, S5, S6 and the P-loop was built manually, using bulky residues Trp, Tyr and Phe as guide posts for sequence assignment. Predicted transmembrane segments were also used to help guide sequence assignment. The selectivity filter motif TIGE confirmed the correct sequence register in the P-loop. A polyalanine model was first built into the density of S1; subsequent sequence assignment was achieved by identification of residues with large side chains. The density of residues 1-105 was missing in the map. The density of the S1-S2 loop was poor but mostly continuous. Although the density of some side chains was missing, atomic model was built for this region with the exception of amino acids 162-166. The atomic model of the C terminus was also built manually. The homologous structure of the C-linker/CNBD region of HCN2 (PDB accession number 1Q3E) was docked into the C-terminal density and was used as a reference for model building. The cGMP molecule from the HCN2 structure fit well to the density; thus, it was put in the model without change. Residues 621-733 were not visible in the density map. There was weak density under the C-linker/CNBD region. This density could represent the coiled coil region, but it was too weak for model building. During model building, the fitting of every modelled residue was optimized by using the real-space refinement tool in Coot. Once an atomic model was built for one subunit, it was rotated and fitted into the densities of the other three subunits. The models for all four subunits were then merged. Three Na + ions were added to the model to fit the density in the centre of the selectivity filter.
Reciprocal-space refinement of the entire model was carried out using Phenix 56 . A restraints file was generated by ReadySet and manually modified for the cGMP molecule. The final masked maps were put into an artificial unit cell with P1 symmetry. Structure factors were calculated using Phenix, and were then used for maximum likelihood refinement in reciprocal space. Coordinates and individual B-factors were refined with secondary structure restraints and strict NCS constraints. Model validation. A cross-validation method previously described 57 was used. In brief, atoms in the final model were randomly shifted by up to 0.2 Å, and the new model was then refined against one of the two half maps generated during the final 3D reconstruction. FSC values were calculated between the map generated from the resulting model and the two half maps, as well as the averaged map of two half maps (Extended Data Fig. 5b ). Electrophysiology. Human embryonic kidney (HEK) 293T cells (American Type Culture Collection (ATCC), not tested for mycoplasma) were grown in DMEM (HyClone) plus 10% newborn calf serum (Gibco) and penicillin (100 U/ml)/ streptomycin (0.1 mg/ml) (Biological Industries). HEK 293T cells were transiently transfected with WT or mutant TAX-4 and enhanced GFP plasmids together using LipoD293 (SignaGen Laboratories) and used in 48 h.
All experiments were performed at room temperature (~ 22 °C). Pipettes were fabricated from borosilicate glass (World Precision Instruments) using a micropipette puller (P-1000, Sutter Instrument), and were fire-polished to resistances of 1-2 MΩ for inside-out patch recording and ~ 3 MΩ for whole-cell recording.
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Whole-cell currents were elicited by 20-ms voltage steps from − 100 to + 150 mV with 10-mV increments, with a holding potential of 0 mV. For inside-out patch recording, currents were elicited by 100-ms voltage steps from -150 to + 150 mV with 10-mV increments, with a holding potential of 0 mV. Currents were amplified by Axopatch 200B and digitized by Digidata 1440A (Molecular Devices). Currents were low-pass filtered at 2 kHz and sampled at 10 kHz. pCLAMP 10 software (Molecular Devices) was used for data acquisition and analysis. Both intracellular and extracellular solutions contained (in mM) 140 NaCl, 5 KCl, 1 mM EGTA and 10 HEPES (pH 7.4 adjusted with NaOH). Immunofluorescence and imaging. HEK 293T cells were plated on poly-dlysine-coated (Sigma) glass coverslips in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (Hyclone), and kept in an incubator at 37 °C in a 5% CO 2 humid atmosphere. Transfection was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. GFP-TAX-4_WT-HA or corresponding mutants cDNAs (2.5 μ g) in 200 μ l Opti-MEM (Invitrogen) were used to transfect each 12 mm (diameter) coverslip.
Immunofluorescence staining was performed 36 h after transfection, at which time GFP expression was seen to peak. The culture medium was removed, and the transfected cells were briefly rinsed with PBS, and immediately fixed with PBS supplemented with 2% paraformaldehyde-4% sucrose, for 15 min at room temperature. Cells were then washed in PBS, and subsequently blocked in a non-permeabilizing (detergent-free) blocking buffer, which consisted of 1% fish gelatin (Sigma) and 2% goat serum (Sigma) in PBS, for 4 h at room temperature. To visualize surface HA tags, the fixed cells were incubated with a primary antibody against HA (mouse monoclonal anti-HA, BioLegend) at 4 °C overnight (diluted in blocking buffer, 1:160), then washed with PBS four times. A goat anti-mouse secondary antibody conjugated with the Alexa594 fluorophore (Life Technologies) was added to the coverslips for 1.5 h at room temperature (in blocking buffer, 1:700). The stained coverslips were finally washed five times with PBS before imaging.
Imaging was performed using a spinning disc confocal microscope, built on an inverted Nikon Eclipse TE2000-S microscope. Optics consisted of a spinning disc scanner unit (CSU10, Yokogawa) and a CCD (charge-coupled device) highresolution digital ImageM camera (Hamamatsu). Images were acquired using a 60× colour-corrected objective lens (Nikon). The GFP (green) laser line used 491 nm and 520 nm as excitation and emission wavelengths, respectively. The Alexa594 (red) laser optical path consisted of a 561 nm excitation source and a 591 nm emission filter. Laser sources and equipment were from Spectral. Optical filters (Chroma) were sputter-coated, to minimize chromatic aberration.
Focal plane thickness (z axis) was 200 nm in all conditions. Confocal images for each fluorophore (GFP and HA) were always acquired as sequential scans (every 200 nm), which eliminated any optical bleed-through for the fluorophores used. Images were acquired and analysed with Volocity 6.3 (PerkinElmer). Data availability. The authors declare that the data supporting the findings of this study are available within the paper. Three-dimensional cryo-EM density maps of TAX-4 without and with low-pass filter and amplitude modification have been deposited in the Electron Microscopy Data Bank under accession number EMD-6656. The coordinates of the atomic model of TAX-4 have been deposited in the Protein Data Bank under accession number 5H3O.
